INTRODUCTION
Rapidly changing magnetic fields are utilized in many areas of science and engineering. In the field of life science, one important area where magnetic fields are utilized is the field of magnetic hyperthermia, 1 where the alternating or rotating magnetic fields are utilized to produce heat in the sample via Neel or Brownian relaxation of magnetic nanoparticles. 2 Generally, magnetic nanoparticles can produce useful heat on the order of a few 100 W/g. 1, 3, 4 Recently, Lee et al. 5 have shown that if the exchange interaction of the magnetic nanoparticles is used, the number can reach 1000 W/g quantities. Recently, Sharapova et al. have shown that by using rotating magnetic fields instead of alternating magnetic fields, the heating efficiency of magnetic nanoparticles has increased significantly. 6, 7 In traditional magnetic hyperthermia, the magnetic field used is a low amplitude sinusoidal magnetic field. 1 In general, the produced heat is capable of destroying cancer tissue or releasing drug molecules from liposomes 8 for targeted delivery. However, there are several challenges of this technology so that it reaches its full potential. The required nanoparticle concentration for effective elimination of cancer tissue needs to be on the order of several mg/ml to reach needed 42-45
• C temperature. [9] [10] [11] In addition, magnetic hyperthermia treatments last for several minutes and hours. A more effective way to destroy cancer cells is to utilize the nanoparticles as little magnetically driven drill bits. The mechanical force 12 can potentially be more effective in eliminating cancer cells if the lipid bilayer can be punctured. 13 Recent results have shown 14 that cancer cells are more deformable than healthy cells, which could be utilized in selective cancer cell destruction if combined with mechanical force from rotating or twisting magnetic nanostructures as a result of external magnetic stimuli. In order to rotate magnetic nanoparticles on the order of 10 to a) Author to whom correspondence should be addressed. Electronic mail: vchikan@ksu.edu few tens of nanometer size scale, the magnetic field needs to be increased to overcome the thermal motion of the particles. The required rotating magnetic field strength to manipulate magnetic nanoparticles on the 10-30 nm diameter range is on the order of a few hundred millitesla. A simple way to generate rotating magnetic fields is via a pair of Helmholtz coils arranged perpendicularly. These designs are widespread and can produce magnetic fields that are few millitesla. Increasing the magnetic field beyond this point is challenging because the continuous current can result resistive heating which requires significant amount of cooling. Cooling of the coils can be facilitated at larger facilities such as the National High Magnetic Field facility. However, the laboratory use of these strong rotating magnets without cooling is desirable for life science based research. In this article, we describe a low duty cycle nested Helmholtz coil system, which is capable of producing strong rotating magnetic pulses without the need of significant cooling.
CONSTRUCTION OF NESTED HELMHOLTZ COILS
Traditionally, Helmholtz coils are used to generate uniform homogeneous static and alternating magnetic fields in a relatively large volume. The Helmholtz coil design is also used to produce homogeneous rotating magnetic fields when two or three coils are nested within each other. Manipulating the currents inside these coils allows the production of static and rotating magnetic fields in the three dimensional space. Unfortunately, the traditional wire coiling used in Helmholtz coils has its limitation in increasing the strength of the magnetic fields. There are several design challenges of producing strong rotating magnetic fields in a relatively large volume. Early on, Bitter 15 developed a design based on stacking of concentric discs that minimizes the forces acting on the coil. The current density in traditional solenoid type coils is constant, while in the Bitter coil designs, the current density falls with 1/r producing a more favorable condition for high magnetic fields. The additional advantage of the bitter coil design is that it distributes the mechanical stress from the Lorentzian force more evenly than in the wire coiled solenoid and also allows efficient cooling if holes for liquid coolant are introduced in the bitter disks. In our research, we combine the Bitter design of electromagnet ( Figure 1 ) to form a 2D Helmholtz coil system for producing rotating magnetic fields. The Bitter disks are manufactured from copper-beryllium alloy to increase the tensile strength of the coil material to resist the mechanical stress from the Lorentzian forces. The tensile strength of copper is 220 MPa while the copper beryllium used in this work has a tensile strength of 820 MPa. The conductivity of copper beryllium ( 1 /2 HT tempered C17410 alloy) is 50% of the conductivity of copper. The Bitter disks are electrochemically plated with silver, which further increases the conductivity of the coils and reduces the contact resistance. The bitter disks are separated by mica sheets and sandwiched between the silver coated copper end plates. The packing order and the assembly of the bitter disks are also shown in Figure 1 . The two parts of a single Helmholtz coil are held together by brass rods that are insulated from the electrical components of the coils. The spacers between the two parts of the coil are manufactured from high conductivity copper rods. These rods are also silver plated for optimal conductivity. The smaller nested Helmholtz coil is assembled with the help of a Teflon insert, which secures the smaller coil inside the larger coil. The Teflon insert can be rotated with the inner coil so that the main rotating axis of the rotating magnet can be changed.
The nested Helmholtz coils are calibrated with the help of 60 Hz alternating current from the electrical outlet. 12A RMS current is passed through both of the coils, and the magnetic fields of the two coils are measured with a low frequency AC Gauss meter. The output from the Gauss meter has been recorded and shown in Figure 3 below. These results show that in order to achieve the same magnitude magnetic fields at the center of the two coils for the circular polarized fields, approximately twice as much current has to pass through in the larger coil than in the smaller coil. In these experiments, the current in the larger coil is increased by using higher discharge voltage in that coil. By careful choice of the number of disks used in each coil, the same amount of magnetic fields can be achieved with the same amount of current. The data in Figure  3 also allow calibrating the Rogowski coils used in the high voltage experiments.
The rotating magnetic field is produced by discharging high voltage capacitors via the coils of the Helmholtz magnet. The circuit design is shown in Figure 2 for a single Helmholtz coil. Two identical circuits are used to control the magnetic field independently from each of the nested Helmholtz coils. One of them is shown in Figure 2 . The capacitor is discharged with the help of a homemade triggered spark gap as shown in Figure 2 . The trigger pulse is a high frequency 0.5 J 20 kV pulse with a duration of 500 ns that initiates the trigger after charging the main capacitor. The high frequency current is monitored by a homemade Rogowksi coil, which produces voltages proportional to the dI/dt in each coil. The voltages are measured by attenuated probes and recorded by an oscilloscope. The signal is then integrated to produce the current response of the coils. The two independent discharge circuits for each of the Helmholtz coils are connected via a digital transistor-transistor logic (TTL) timing box, which allows precise control of the magnetic pulses with respect to each other. The TTL pulses are used for timing signal to trigger the spark gaps of each coil independently. The magnitude of the magnetic field applicator is also measured via the Faraday rotation of an optical material, such as water or borosilicate glass, with known optical constant ( Figure 5) . 16 This procedure is necessary to ensure that the electrical sensor properly functions at both low and high magnetic fields. The optical measurement of the magnetic field of the coils is as follows: The strong magnetic field induces birefringence of an optical material. The induced birefringence of the material rotates the plane of polarization of a linearly polarized light. This rotation angle (θ) varies according to Faraday equation: θ = υBl, where υ is Verdet constant of the material, B is the magnetic field, and l is the optical path length. The magnitude of the Faraday rotation of optical materials is linearly proportional to the amount of magnetic field, which is utilized in the calibration of pulsed magnetic fields for the experiments described in this paper. For the calibration of magnetic fields, water is used with known optical pathlength (1 cm). The Faraday rotation constant (Verdet constant) of these materials is published in the literature. 17 A linearly polarized 632 nm HeNe laser is passed through the water   FIG. 3 . The graph shows the measurement of the magnetic field of the nested Helmholtz coils from low frequency alternating current from the electrical outlet.
or borosilicate glass sample. The exiting laser beam passes through an analyzer (calcite prism) oriented 45
• relative to the orientation of the linear polarized light, which allows splitting the laser into two equal intensity beams that are projected on a balanced photodiode (Model 2307 Large-Area AdjustableGain Balanced Photoreceivers from Newport, Inc.). The photoreceiver is placed far from the magnetic field to minimize any electronic interference from magnetic fields directly influencing signal on the photoreceivers. When the magnetic field is present, the rotation of magnetic field appears as positive or negative signal (depending on the direction of the magnetic field) on the oscilloscope from the balanced photodiodes. Based on the characteristics of the photoreciever and the optical power difference, the magnitude of the Faraday rotation signal is calculated. By comparing the measured signal with the value from the Faraday equation of the material, the magnetic field is calculated. Figure 4 demonstrates that the signal from the Rogowski sensor and the optical measurement are linearly proportional. Therefore, both measurements can be used to evaluate/calculate the magnetic fields of the coils. In the experiments below, the signals from the Rogowski coils are used as an indicator of the magnetic field strength. Figure 5 (a) shows the effect of changing the delay between the magnetic pulses on the two different coils, which results in different shaped magnetic fields. Changing the timing, the coils can produce linear alternating magnetic fields or rotating magnetic fields. Figure 4(b) shows the direct output from the Rogowski coil pairs fixed at a given time delay. This signal is integrated to obtain the current signal as described earlier in Figure 4 . The direction of the rotating field can be also manipulated by changing the initial direction of the current in the coils resulting in left or right rotating magnetic fields. The maximum discharge of the capacitors used in the experiment is 10 000 V, which corresponds to 2850 J of energy. In a single shot, the maximum calculated temperature increase of the coil from this energy is 1.6
• C based on the weight of the copper coils and its heat capacity, but in reality it is probably much less than that since this simple estimate does not take the weight of the cables and the capacitor into account. The measured rotating magnetic field amplitude is 200 mT at full discharge (10 000 V charge for the larger coil). This is about 2.5 times less magnetic field than what is calculated from modeling the discharge circuit and comparing the current with the data from Figure 3 . We think that with careful optimization of the contact points in the coils, the current can be further increased, resulting in better agreement between the theory and practice. Timing of the magnetic pulses is important so that the desired rotating fields can be produced. The data on the time reproducibility of the magnetic pulses indicate that the jitter of the triggering in this system is relatively low. The timing jitter of the relative trigger remains under 1 µs, 18 which allows accurate timing to produce rotating fields for the few tens of kilohertz underdamped magnetic pulses.
Finally, it is important to match the inductance of the coils to produce pulses where the current and magnetic pulses remain in phase for the entire duration of the rotating magnetic field. This is demonstrated in Figure 6 , which shows two separate cases. When the inductances of the coils are not matched, the various time delays will result in "scrambled" magnetic pulses. When the inductances of both coils are matched with the help of installing additional cable length to one of the coil circuits, the magnetic pulses become identical in both coils, which yield the desired rotating magnetic pulses. The magnitude of the rotating magnetic field is calculated from the current measurements from the Rogowski coils during the high voltage discharge.
In order to test the homogeneity of the rotating magnetic field, calculation is performed by using finite element method (FEM) implemented with COMSOL Multiphysics (Burlington, MA). This 3D model includes two pairs of coils, with the larger coil centered on the y-axis, and the smaller coil centered on the x-axis. The model specifies a current density on each coil (out of phase) and solves for the magnetic vector potential and field strength at 100 kHz. with an inhomogeneous tetrahedral mesh, including 81 398 elements. A frequency domain iterative solver (geometric multigrid) is used to compute the magnetic field strength at all points in the simulation domain. The variation of the magnetic field amplitude inside the inner coil is few percent relative to the absolute magnitude of the magnetic field. The calculation presented above is shown for the idealized 2D Helmholtz coil. The dimension of experimental coils used here shows a few percent deviation from the idealized Helmholtz coil; with careful adjustment of the manufacturing process, the coil can very closely approximate the idealized 2D Helmholtz coil.
CONCLUSIONS
In this article, the construction and operation of a novel Helmholtz are demonstrated to generate strong rotating magnetic field. The design shows scalability by manipulating several factors: increasing the number of plates used to construct the coils, reducing its dimensions, and increasing discharge voltage. The nested Helmholtz coil design could also be used in magnetic hypothermia experiments where minimizing the resistive heating is important at high frequencies due to the skin effects of the current at several tens of kilohertz.
